The methyl donor S-adenosylmethionine is synthesized in mammalian cytosol by three isoenzymes. Methionine adenosyltransferase II is ubiquitously expressed, whereas isoenzymes I (homotetramer) and III (homodimer) are considered the hepatic enzymes. In this work, we identified methionine adenosyltransferase I/III in most rat tissues both in the cytoplasm and the nucleus. Nuclear localization was the preferred distribution observed in extrahepatic tissues, where the protein colocalizes with nuclear matrix markers. A battery of mutants used in several cell lines to decipher the determinants involved in methionine adenosyltransferase subcellular localization demonstrated, by confocal microscopy and subcellular fractionation, the presence of two partially overlapping areas at the C-terminal end of the protein involved both in cytoplasmic retention and nuclear localization. Immunoprecipitation of coexpressed FLAG and EGFP fusions and gel filtration chromatography allowed detection of tetramers and monomers in nuclear fractions that also exhibited S-adenosylmethionine synthesis. Neither nuclear localization nor matrix binding required activity, as demonstrated with the inactive F251D mutant. Nuclear accumulation of the active enzyme only correlated with histone H3K27 trimethylation among the epigenetic modifications evaluated, therefore pointing to the necessity of methionine adenosyltransferase I/III to guarantee the supply of S-adenosylmethionine for specific methylations. However, nuclear monomers may exhibit additional roles.
INTRODUCTION

MATERIAL AND METHODS
Tissue extraction and hepatocyte isolation. Rat tissues were obtained from normal male Wistar rats (200 g). One portion was immediately frozen in liquid nitrogen for RNA isolation, and another was included in 4% (v/v) formaldehyde in PBS for immunohistochemistry.
Fresh livers were used to obtain nuclear fractions and hepatocyte isolation with collagenase (Boehringer Mannheim, Mannheim, Germany) perfusion (25) . Hepatocytes were suspended in Krebs-Henseleit medium with 10 mM glucose, and incubated at 37ºC with shaking in an O 2 /CO 2 (95%/5%) gas phase. anti-MAT antiserum (27) (1:1000, v/v) for 2 hours at room temperature followed by EnVision (DAKO Corporation, Carpinteria, CA, USA) incubation for 30 minutes using 3,3'-diaminobenzidine for color development following manufacturer's instructions. Counterstaining was performed with hematoxilin. For negative controls, the preimmune rabbit serum was used.
Sections were photographed and analyzed using Adobe-Photoshop software.
Constructs and site-directed mutagenesis. Plasmids pSSRL-BlueT2 (27) and pSSRL- MAT mutants and truncated proteins were prepared using the QuikChange method and the mutagenic oligonucleotides included in Table 1 , except for the F251D inactive mutant for which the primers described previously were utilized (13 Gel filtration chromatography. Samples of bacterial (1-2 mg) or eukaryal cytosols (1 mg) and nuclear extracts (0.5 mg) were injected on a Superose 12 HR 10/30 gel filtration column (GE Healthcare, Barcelona, Spain), and elution, MAT activity measurements (100 μl) and DotBlot analysis (10 μl) were performed as previously described (34) .
SDS-PAGE electrophoresis and immunoblotting. Denaturing gel electrophoresis was
performed on 10% SDS-PAGE gels under reducing conditions, using the Laemmli buffer system.
Samples containing 80, 40 or 5 μg of tissue, cellular or bacterial cytosols, respectively, were loaded per lane. Histone methylation was detected using 10 μg/lane of cell extracts.
Immunoblotting analysis was carried out as described previously (27) Immunoprecipitation. Nuclear and cytoplasmic fractions (400 μl) were incubated o/n at 4ºC with anti-FLAG M2 Affinity Gel (40 μl; Sigma Chemical Co, St. Louis, Mo, USA). After three washes using TBS, the samples were boiled 10 minutes in Laemmli sample buffer including 100 mM DTT, microfuged for 1 minute at 10000 x g and the supernatants loaded onto SDS-PAGE gels.
Determination of methionine adenosyltransferase and LDH activities. MAT activity Protein concentration determination. The protein concentration of the samples was measured using the Bio-Rad protein assay kit and bovine serum albumin as the standard.
Sequence analysis and molecular modeling. Analysis of the MATα1 sequence in the search for putative localization and export signals was performed using the programs NetNES (35) and PredictNLS (36) and the PSort II server, whereas for molecular modeling, the Swiss-
Statistical analysis. Student's t-test for unpaired samples was applied for statistical analysis using GraphPad Prism v. 5.0 (GraphPad Software, San Diego). Differences were considered significant when p <0.05.
RESULTS
Expression of MAT1A RNA and MATα1 protein shows a wide distribution. MATα1 was detected in the cytosol of all rat tissues examined by western blot using an anti-MAT I/III polyclonal antiserum. The liver protein signal was the strongest, and the signals of heart, lung and skeletal muscle showed the lowest levels ( (Fig. 3A) . The use of the stable clone allowed detection in cytoplasmic and nuclear compartments independently of the expression levels, thus indicating that nuclear localization of exogenous MAT is not due to saturation effects (Fig. 3B) . Moreover, the nuclear MAT signal was excluded from presumptive nucleoli. The results obtained by in vivo and indirect fluorescence were consistent, thus excluding artifacts due to cell fixation or the influence of the tag localization in the protein structure. Indirect immunofluorescence of isolated hepatocytes showed a similar distribution pattern to that observed in the cell lines and by immunohistochemistry (Fig. 3C ). In addition, subcellular fractionation followed by western blot analysis confirmed the presence of MATα1 subunits in the nuclear and cytosolic fractions of several cell lines (Fig. 3D ). The purity of these fractions was assessed by detection of cJun and α-Tubulin as nuclear and cytoplasmic markers, respectively. Therefore, our results confirm the nuclear localization of MATα1 as a general feature in all cell types used. Classical NLSs include sequences rich in basic residues placed at certain distances, which can be resembled structurally. The MATα1 sequence contains a considerable number of lysine and arginine residues at the C-terminal end (16.7% of the last 96 amino acids). Some of these residues appear paired and exposed at the protein surface (Figs. 2C,D) , outside of the oligomerization interfaces. A first approach to check for the possible implication of this part of the molecule in subcellular localization was to prepare C-terminal deletions on FLAG-MAT (Fig.   2C ). These truncated forms correspond to proteins lacking: 1) the last four residues, including one of the lysines in the last basic pair (FLAG-MAT K393X); 2) 80% of the C-terminal domain including most of the C-terminal basic sequence (FLAG-MAT R313X); and 3) half of this basic area (FLAG-MAT N351X). Truncated proteins were expressed in both E. coli and the mammalian cell lines used in this study, and their production was confirmed by the detection of bands with the expected mobilities (39.5, 44 and 50 kDa) (Fig. 4A) . Determination of their oligomeric association state was precluded due to the reduced expression levels attained, and the low MAT activity that was measured (Table 3) . Confocal microscopy and subcellular fractionation revealed nuclear accumulation of the three truncated proteins as compared to the control (Figs. 4A,B and supplemental data Tables S1, S2 ). These results suggest that the Cterminal domain of MATα1 is involved in cytoplasmic retention, but the existence of a NLS in the truncated protein or exposure of a NLS otherwise buried in the subunit structure cannot be excluded (supplemental data Fig. S2 ). To distinguish among these possibilities the fragments deleted were fused to EGFP5x, and their behavior was analyzed (Fig. 4C) . The size of these fusion proteins precluded diffusion through the nuclear pore, and hence they would be retained in the cytoplasm, unless these fragments included signals for targeting to a different subcellular location. In vivo fluorescence revealed cytoplasmic accumulation in all the cases as compared to EGFP5x and NLS-tagged EGFP3x, and in contrast to the behavior of the truncated proteins.
Analysis of
Thus, the involvement of MATα1 C-terminus in cytoplasmic retention seems feasible.
In parallel, the role of the basic residues at the C-terminal domain was explored by point mutation, an approach that induced minimum structural perturbations. For this purpose, only those lysine or arginine residues exposed at the protein surface were selected for alanine substitution (Fig. 2D ). Mutants were prepared in both FLAG-MAT and MAT-EGFP plasmids in order to avoid artifacts due to either fixation or masking by the fusion of EGFP (27 kDa). All the mutants exhibited MAT activity and were able to oligomerize as studied in E. coli overexpressing extracts, their dimer/tetramer ratio depending on the protein concentration as previously described for wild type MAT I/III (Table 3) . Confocal fluorescence microscopy revealed that mutations at positions 313, 340, 341, 344, 368, 369, 392 and 393 elicited similar behavior of both constructs (Fig. 5A) . A reduction in nuclear MATα1 content was observed for K340A, K341A, R344A and K393A that was especially clear for R344A and K393A, whereas R313A, K368A, K369A and K392A tended to accumulate in the nucleus (Fig. 5A and supplemental data Table S1 ). Subcellular fractionation of the total culture confirmed this behavior for most of the mutants (Fig. 5B and supplemental data Table S2 ). Thus, looking at the subunit structure (Fig. 2D ), mutants related to nuclear localization are next to those involved in cytosolic retention. Notably, whereas K393A accumulates in the cytoplasm, deletion of the 393-396 stretch resulted in increased nuclear signal, therefore highlighting the role of residues 394-396 in cytosolic retention. Moreover, the behavior exhibited by the K392A mutant also corresponds to a cytosolic retention signal, hence pointing to a possible overlap between areas involved in cytosolic retention and nuclear localization at the C-terminal end of the MATα1 chain. Thus, nuclear localization is related to the triangular area comprised by residues 340, 344
and 393 (including 341), whereas cytoplasmic retention is determined by the area delimited by residues 313, 368, 369 and 392 that shows partial spatial overlap at K393 and the 394-396 stretch (Fig. 2D) . These results suggested the presence of structural rather than sequence-based localization determinants in MATα1 subunits.
MATα1 subunits localize to the nuclear matrix. Confocal microscopy showed the exclusion of MATα1 from the nucleoli in all the cell lines tested (Fig. 3A) . To get further insight into the precise subnuclear distribution, CHO and COS-7 cells were transfected with pFLAG-MAT, fixed and extracted with detergents and high salt in order to obtain the nuclear matrix.
Indirect immunofluorescence showed the presence of MATα1 at nuclear speckles as shown by colocalization with signals of an anti-SC35 antibody (Fig. 6) . Additionally, other constructs used in this study were also checked for their putative association to the nuclear matrix. The results indicated that none of the C-terminal deletions precluded nuclear matrix association, and hence suggested that determinants for this binding may be located in other domains of the protein.
Nuclear MATα1 association state and effects on specific methylations. Two different association levels of MATα1 subunits have been described in the cytoplasm: tetramers and dimers. The nuclear localization of MATα1 subunits may or may not be related to AdoMet synthesis, for which oligomerization is needed. In order to clarify this point, cotransfections using FLAG-MAT and MAT-EGFP were performed, and the nuclear and cytoplasmic fractions were isolated. Expression was demonstrated in the input fractions by western blot with anti-FLAG and anti-EGFP antibodies, and the purity of the subcellular fractions was assessed with anti-cJun and anti-α-Tubulin antibodies and LDH activity (Fig. 7A ). Nuclear and cytosolic fractions were immunoprecipitated with anti-FLAG Affinity Gel and the immunoprecipitates were further analyzed by western blot with an anti-EGFP antibody. The presence of a band showing the correct size for MAT-EGFP suggested that MATα1 subunits appear as oligomers in the nucleoplasm, and hence preserve AdoMet synthesizing capacity. Controls cotransfected with pFLAG-MAT and pEFGP showed no EGFP signal in the immunoprecipitates, thus confirming the MAT-MAT interaction specificity. Nuclear extracts prepared without detergents exhibited low MAT activity (12.11 ± 3.18 pmol/min/mg) (Fig S3) , as expected from the low proportion of oligomers and the large amount of monomers detected by gel filtration chromatography (Fig.   7B ). Measurements of nuclear AdoMet concentrations were precluded due both to the low levels of the compound in this compartment and the long subcellular fractionation process that did not guarantee its preservation.
In order to get insight into the function of MATα1 in the nuclear compartment, the effect of different constructs on nuclear methylations was evaluated. Overexpression of FLAG-MAT produced significant increases in histone H3 trimethylation levels at positions K4, K9 and K27 (Fig. 8A) , as well as in DNA methylation (supplemental data Fig. S4 ). These effects were not observed upon transfection of the inactive mutant F251D, although it was also distributed among the cytoplasm and nucleus as shown by both confocal microscopy and subcellular fractionation (Figs. 5A,B) and it retained nuclear matrix binding capacity (Fig. 6) . Moreover, only K27me3 methylation levels correlated with the preferred subcellular distribution of the mutants (Fig. 8B and supplemental data Fig. S4 ). Hence, cells transfected with mutants with primary nuclear distribution (K368A and K369A) showed increased H3K27me3 (∼2 fold), whereas those expressing mutants of preferred cytoplasmic location (R344A and K393A) exhibited levels comparable to those of the wild type protein. In addition, expression of the inactive F251D mutant further reduced these specific methylation levels to those of the mock transfected cells.
The results thus suggested that nuclear MATα1 is in its active oligomeric assembly in order to contribute to specific methylations, although preservation of the AdoMet synthesizing capacity is not a prerequisite for nuclear localization.
DISCUSSION
Mammalian MAT activity has been shown to be ubiquitous, but much higher in liver than in any other tissue. This fact was ascribed to the presence of specific hepatic isoenzymes known as MAT I and III. However, this specificity was questioned when their presence in the pancreas was reported (37). Now we show that the distribution of these isoenzymes is nearly ubiquitous in normal rat tissues. The presence of a double band in western blots of extrahepatic tissues may indicate a certain degree of cross-reactivity of the antibody used with MATα2, although no such pattern was previously reported (20, 27, 31) . Attempts to detect MAT1A mRNA by northern blot in extrahepatic tissues failed previously (38) , and hence we used specific Table 3 Methionine adenosyltransferase activity of the protein variants used in this study.
All the protein variants used in this study were expressed in E. coli BL21(DE3) and the soluble fractions isolated to determine their activity and oligomerization state. The table shows activity results from a typical experiment carried out in triplicate ± SD, and the association state detected by gel filtration chromatography (T = tetramer and D = dimer). 
Construction
